A novel technique to establish atomic-sized contacts in metallic materials is shown. It is based on etching a (sub)micrometric electrode via a low-energy focused ion beam. The in situ measurements of the nanoconstriction resistance during the etching process permit control of the formation of atomic-sized constrictions with milling time, observing steps in the conductance in the range of the conductance quantum (G 0 = 2e 2 / h), just before entering the tunnelling regime. These constrictions are highly stable with time due to the adherence to a substrate, which allows further studies such as the detailed current-voltage transport investigation reported here. Scanning electron microscopy images are used to correlate the etching process and the constriction microstructure. The high control achieved in the process makes us suggest this technique as a promising route to study physical phenomena in the verge of the metal-tunnel conduction crossover.
Introduction
As the roadmap of micro/nano-electronics is developed, the critical dimensions of electrodes, barriers, gates, etc is seen to shrink to nanometric values, which has required the development of advanced nanofabrication tools such as steppers for optical lithography, dual beam systems (combining an electron and an ion column) for inspection and repair of optical masks and integrated circuits, etc [1] . Such complex equipment, in principle sophisticated at the laboratory level, are standard in the semiconductor industry, and the current level of development of micro/nano-electronics could not be understood without them. Thus, past experience says that complex procedures at the laboratory level can be implemented in industry using well-known approaches such as automatization, fabrication in parallel, etc. that lead to cost-effective production.
One of the paradigms of this phenomenon is the use of magnetoresistive sensors in magnetic read heads, which require sophisticated fabrication and patterning technology, but are standard in computers and other electronic devices [2] . As dimensions become more and more demanding, these magnetoresistive sensors have evolved from anisotropic magnetoresistance sensors to current-in-plane giant magnetoresistance sensors to tunnel magnetoresistance sensors [3] . In the near future, it is expected that currentperpendicular-to-plane giant magnetoresistance sensors will replace them because the very small lateral size required (below 50 nm) calls for the use of sensors with metallic conduction [4] . Eventually, advanced technology in this field could use metallic devices approaching just a few nanometres across (called nanoconstrictions), which requires not only high control of the fabrication process but also the understanding of the physical phenomena at that scale. This is why it is highly desirable to apply advanced tools for the controlled creation of such small constrictions and the investigation of the physical phenomena involved.
Previous research indicates that when the electrical conduction is restricted through an atomic-sized constriction, the classical Ohm's law gives way to new effects such as the quantization of conductance [5, 6] . This phenomenon, described by the theory developed by Landauer [5] , was experimentally discovered in 1988 by Van Wees et al [6] when a two-dimensional electron gas of a GaAs-AlGaAs heterostructure was modulated in width by means of a gate voltage, detecting steps in the conductance of value G 0 . For metals, several experimental methods have been used to create point contacts. Scanning tunnel microscopy (STM) as well as the mechanically controllable break junctions (MCBJs) are the most used techniques, based on the progressive stretching of a created constriction [7] . The use of STM as well as MCBJs has paved the way for the observation of ballistic conduction (without scattering), as well as quantum effects, such as the quantization of conductance in metals and the quantization of the supercurrent in superconductors. These experiments have led to huge advances in the understanding of electron conduction in atomic-sized metal structures. It was soon realized that the large number of possible atomic configurations at the constriction made necessary statistical studies, most of the measurements requiring liquid helium temperature. Nanolithography techniques have been used, aiming to create stable nanoconstrictions at room temperature, which could lead to immense applications. We can cite approximations such as anodic oxidation by atomic force microscopy [8, 9] , deposition from an electrolytic solution [10, 11] , some hybrid formulae [12] and the use of transmission electron microscopy [13] [14] [15] .
In the present work, we show a novel technique to establish nanoconstrictions and atomic-sized contacts at room temperature in metallic materials, based on the potentialities that dual-beam equipment offers. In order to illustrate the procedure, the creation of a controlled atomic-sized constriction based on chromium/aluminium electrodes as well as on iron electrodes is described. We expect that this technique will be applicable to many types of material. Starting from a micrometric electrode, previously patterned by optical lithography, we create a progressive decrease of conductance by means of focused Ga-ion etching. The in situ monitoring of the resistance using electrical microprobes during the etching process allows the observation of a step-wise structure in the electrical resistance, with steps in the range of G 0 , just prior to an abrupt jump, which occurs at the crossover to the tunnelling regime. The simultaneous scanning electron microscopy (SEM) imaging during the process enables us to establish the correlation between the transport measurements and the microstructure of the etched material. We have also performed current versus voltage (I -V ) curve measurements at determined stages of the milling process, which allow one to clearly distinguish between the metallic (ohmic) and tunnelling (non-ohmic) regimes. First, we chose a Cr metallic layer to demonstrate the feasibility of this novel technique for the fabrication of constrictions due to its good adhesion to the substrate. Afterwards, we applied the same technique to Fe metallic layers due to their potential applications in spin electronics. The procedure is expected to be applicable to many different metallic materials, being of general interest.
Experimental details
The experiments were made at room temperature in commercial dual-beam equipment (Nova 200 NanoLab from FEI) that integrates a 30 kV field-emission electron column and a Ga-based 30 kV ion column placed forming 52
• with coincidence point at 5 mm away from the electron column pole. This configuration allows obtaining images generated by the SEM column during the ion etching under a base pressure of 10 −6 mbar. A well-defined geometry for reliable and feasible experiments was obtained by conventional optical lithography. This allowed patterning the microelectrodes. The substrate was either a Si 3 N 4 layer (300 nm thick) deposited by plasma-enhanced chemical vapour deposition on a Si wafer or a thermally oxidized Si wafer (300 nm SiO 2 on top of the Si substrate). In both cases good electrical insulation between the electrode and the Si wafer was found. A further optical lithography lift-off process was carried out, via an image reversal photoresist and Cr (20 nm) and Al (400 nm) deposition by electron-beam evaporation in the first type of electrode and Fe (20 nm) in the second type of electrode. After the lithographic process, large metallic pads were connected via 4 μm wide electrodes. On these electrodes an ion etching pattern (with dimensions 2 μm × 6 μm) was performed. In the first type of electrode, the Al was deposited on top of the chromium due to its granular structure, assuring a highly anisotropic etching which favours the formation of nanoconstrictions. In fact, the formation of narrow constrictions with a few conduction channels was identified in the SEM imaging. In the second type of electrode, the Fe layer was not covered by Al. Even though the etching was more isotropic than in the previous case, nanoconstrictions were also formed as identified by SEM imaging. Two electrical microprobes (Kleindiek) were contacted on the pads (see figure 1 ). These conductive microprobes are connected via a feedthrough to a 6220 DC current source-2182A nanovoltmeter combined Keithley system, located out of the chamber. The lead resistance is about 15 , which guarantees no significant influence on the measured resistance at the stages where the conductance steps occur, which corresponds to approximately 13 k .
Results and discussion
We first draw attention to the results obtained on the Crbased electrodes. The Ga-ion etching process was done in two consecutive steps. The first started from 15 , with the ion column set at 5 kV and 0.12 nA, aiming to shorten the time of the experiment. The etching was stopped when the resistance reached 500 , still far from the metallic quantum limit. In the second step, the ion column was set at 5 kV and 2 pA, for about 12 min. During this period we monitored the variation of the resistance and simultaneously 10 kV SEM images were collected. This allowed us to examine the correlation between resistance and microstructure. In other experiments, the milling was stopped at determined resistance values, at which current versus voltage curves were measured. The maximum bias current was selected in order to avoid the deterioration of the device due to heating effects.
In figure 2 we show a typical resistance versus etchingtime result at a starting value of 500 . The resistance increases continuously for about 10 min, up to a point, in which a three orders of magnitude jump is seen. Just before this abrupt change, the resistance shows a discrete number of steps.
We can see in figure 3 that for this particular case, plateaus with a small negative slope for the conductance are roughly located near integer multiples of G 0 . This step-wise structure is a clear indication of the formation of point contacts in the metal electrode before the complete breaking of the formed nanowires. This is similar to what it is seen in experiments done with other techniques [7] . The long experimental time to create one of these constrictions (hundreds of seconds) compared to other techniques such as STM or MCBJs (tens of microseconds) does not favour the building of histograms with enough statistics to assign the observed step-wise behaviour to conductance quantization. From tens of experiments, we can conclude the reproducible existence of steps in the conductance in the verge of the metal-tunnelling crossover and certain dispersion in the specific values of the conductance plateaus, which we always observe below 4G 0 . Previous studies indicate that conductance histograms are more irregular in transition metals nanoconstrictions [7, 16] than in the case of monovalent metals like Au [17] . This is due to the fact that the number of conducting channels in a single-atom contact is determined by the number of valence electrons and their orbital state. Theoretical works show that the conductance in nonmonovalent metals strongly depends on the specific atomic configurations of the constriction [18, 19] , which suggests that strong dispersions in the specific values of the conductance plateaus are expected in a reduced number of experiments. To determine the values where steps in conductance occur, numerical differentiation of the G(t) curve was done. Peaks with approximately zero maximum value are observed where plateaus in G occur. In the particular case of figure 3 , the fit of these peaks to a Gaussian curve gives the maximum at the values (1.02 ± 0.01)G 0 , (1.72 ± 0.01)G 0 , (2.17 ± 0.01)G 0 , and (3.24 ± 0.02)G 0 . The broadness of the found steps is a typical feature of room temperature measurements [7, 15, 16] . However, we would like to remark that, from one experiment to another one, the positions of the plateaus are observed to change.
In figure 4 , SEM images taken during the etching process are shown.
In addition, in the supplementary material (available at stacks.iop.org/Nano/19/415302), a video (available at stacks.iop.org/Nano/19/415302) of this process is shown. The etching by Ga ions in the first stages of milling is highly inhomogeneous due to the presence of an Al layer deposited on purpose on top of the Cr layer. The granular morphology presented by the evaporated aluminium favours this phenomenon, known as 'channelling', in which preferential sputtering of some grains with respect to others with different crystalline orientation occurs [20] . At this milling time, numerous micrometric channels conduct the figure 2 . In this stage of milling, steps of the order of G 0 are seen, corresponding to discrete thinning of the contact area of the order of one atom. The last step is followed by a sharp decrease of conductance, corresponding to the crossover to the tunnelling regime.
current. The progressive thinning during the process as well as the fracture of some of them involves a progressive and continuous increase of resistance. Around 1 k , one can clearly distinguish how the Al layer has been fully removed from the constriction zone. The chromium is now the only element responsible for conduction. The Cr grain size is smaller than in Al, and a more homogeneous etching process takes place from that moment on. The plateaus found for the conductance correspond with images where only one metal nanowire is not fractured, reaching atomic-sized contacts just before the final breaking and the crossover to the tunnelling regime. When this finally occurs, an abrupt jump occurs in the resistance, reaching values in the M range, associated with a tunnelling conduction mechanism. In some constrictions, the etching was stopped at different moments, for measuring the I -V curves. As can be seen in the insets of figure 2, the linear I -V behaviour indicates metallic conduction, and consequently that the constriction is not broken. Once the constriction breaks, a non-linear I -V behaviour is found, as expected in tunnelling conduction. Fitting the I -V curves for tunnelling conduction to the Simmons model for a rectangular tunnel barrier [21] gives as a result a barrier height of the order of 4.5 V, a junction effective area of 300 nm 2 , and a barrier width of the order of 0.65 nm. The barrier height found corresponds with the work function for chromium [22] , and the other parameters seem reasonable, evidencing the adequacy of the fit in spite of the simplified assumptions of the model. Even though re-sputtering of some Al atoms towards the contact area could be possible, the value found for the barrier height in the tunnelling regime seems to indicate that the electronic transport through the nanocontact is governed by the Cr atoms.
We have not observed degradation during the measurement time (tens of seconds) since the substrate under the formed metal constriction guarantees a robust and stable structure. We have found that when the constriction shows resistance values of the order of the conductance quantum, a limiting maximum power of 0.3 nW is required to avoid degradation, which constrains the maximum applied voltage to values below ∼6 mV. Considering a contact area of 0.3 × 0.3 nm 2 , a 5.5 × 10 7 A cm −2 current density is obtained, which is around three orders of magnitude larger than the maximum current bearable by a macroscopic metallic wire. This huge current density is understood in terms of ballistic transport through the contact [7] .
With the available data, it is not possible to discard that, due to the moderate vacuum level (10 −6 Torr) and the Ga-assisted etching process, some impurity could be in the surroundings of the nanoconstriction and could exert some influence in the conduction properties. However, the obtained linearity in the I -V curves in the metallic regime seems to confirm the presence of clean contacts, because only the presence of adsorbates and contaminants produces non-linear curves in the low-voltage regime [23, 24] . In our case, the use of low ion energy (5 kV) and current (2 pA) is expected to minimize the role of Ga damage and implantation. We have carried out a chemical analysis of the surroundings of the created nanoconstrictions by means of EDX measurements. The results give a typical composition for Si/O/Cr/Ga/C (in atomic percentage) of 30/45/23/1/1 (see supplementary material (available at stacks.iop.org/Nano/19/415302)). If the substrate elements (Si and O in this case) are discarded, the Cr and Ga atomic percentages are found to be around 96% and 4%, respectively. However, one should be aware that this 2 / h units) versus etching time. In this stage of milling, steps of the order of some fraction of G 0 are seen, corresponding to discrete thinning of the contact area of the order of one atom. The last step is followed by a sharp decrease of conductance, corresponding to the crossover to the tunnelling regime.
technique has a very limited resolution in depth and lateral size. Further experiments are required to deeply investigate this point, which is beyond the scope of the present paper, focusing on the description of this novel approach to create atomic-sized constrictions. We would like to remark that ion etching processes are commonly used in micro/nanofabrication steps in laboratory and industrial processes without affecting the device properties. Thus, it is reasonable to assume that for many types of device the use of suitable ion energy and dose would not affect the device properties.
The second type of nanoconstriction, performed on Febased electrodes, will be presented hereafter. Such a material has been chosen due to its magnetic character and its potential application in spin electronics. In fact, one exciting research line nowadays is that of atomic-sized constrictions based on magnetic materials [25] [26] [27] [28] [29] [30] , where sizeable effects such as ballistic anisotropic magnetoresistance or tunnelling anisotropic magnetoresistance have been found.
In the particular case of Fe, experiments by Viret et al with the MCBJ technique performed at 4.2 K indicate that in the vicinity of the conductance quantum the magnetoresistive effects can approach giant values [28] . Aiming at the creation of stable Fe-based atomic-size constrictions at room temperature, we applied the described Ga etching technique to Fe electrodes. One typical experiment is shown in figure 5 . During the first 2 min, the Ga etching process is performed using 5 kV and 70 pA, the resistance approaching 2 k at the end. Then, we continue the Ga etching process using 5 kV and 0.15 pA. The process is slower and allows the detection of step-wise changes in the resistance before the jump to the tunnelling regime, similar to the observed behaviour in the case of the Cr-based electrodes. The inset shows a close-up of the same results representing the conductance (in units of the conductance quantum) versus time. Clear steps are observed which are also interpreted as evidence of the formation of atomic-size metallic contacts just before entering the tunnelling regime. This opens a fascinating route to create stable nanoconstrictions at room temperature which could have functional use. If these nanoconstrictions were stable out of the chamber at room temperature, they could eventually be used for magnetic sensing. Our first attempts to measure the magnetoresistance of these nanoconstrictions out of the chamber are promising, but more experiments are necessary to build the required systematization.
Conclusions and outlook
The reported results reveal that this new approach based on focused ion beam techniques to obtain stable atomic-sized metallic contacts at room temperature under high vacuum is very promising for nanotechnology applications. We have shown that this behaviour is exhibited by metallic electrodes such as Cr and Fe. The steps in the conductance just prior to the crossover to the tunnelling regime can be interpreted in terms of atomic reconstructions, where the contact size changes discretely by, approximately, the area of one or a few atoms. The last step before losing the contact could correspond to a single-atom contact. The plateaus at different conductance values are associated with different atomic configurations in the constriction. We remark that the contact has a stable geometrical configuration due to the attachment of the constriction to the substrate. The geometrical changes in the constriction are due to the continuous removal of atoms by means of ion etching. We must point out the importance of the chosen parameters, crucial to see the transition from the ohmic to the tunnelling regime in a detailed way (this is not the case in other conditions-see supplementary material (available at stacks.iop.org/Nano/19/415302)). The simultaneous imaging of the etching process via the electron column allows following the formed structure in real time.
The high stability found at room temperature for the contacts around the conductance quantum is a great advantage, although some drawbacks can be anticipated, such as the difficulties in building histograms with a large number of counts and the lack of ultra-high vacuum in the process chamber. The possibility of establishing point contacts in a wide variety of materials under similar conditions is expected with the exposed methodology. This is not the case for other techniques, which are less flexible with respect to the materials and protocols used. In our case, the sputtering rate of the material under etching at the ion energy used seems to be the most relevant factor, together with the ion column current, which influences the ion beam width and the etching rate. In addition, it seems feasible to incorporate heaters/coolers in the chamber in order to extend the range of temperatures for the study of the properties of the nanoconstriction. One exciting research line nowadays is that of atomic-sized constrictions based on magnetic materials [25] [26] [27] [28] [29] [30] . Such kind of studies could in principle be performed in an analysis chamber attached to the process chamber without breaking the vacuum. It is also interesting to investigate the stability and magnetotransport properties of these atomic-sized constrictions when taken out of the process chamber. One advantage of dual-beam systems is that the constriction could be locally covered by an insulating material, giving stability and protection. Thus, the technique described here could be useful for the creation of nanoconstrictions based on many different materials and with several types of application.
In conclusion, a new approach to create controlled constrictions reaching atomic-sized contacts is described. The proposed method uses Ga-based focused ion etching, in situ electrical measurements, and SEM imaging. This approach could be relevant as critical dimensions in some nanoelectronic devices progress towards the true nanometric range. Besides, many physical phenomena are drastically changed when the system dimensions become comparable to its fundamental physical lengths. One of these phenomena is the electrical conduction through atomic-sized constrictions, where quantum effects have been observed in the past. The high control achieved with the shown methodology to realize nanoconstrictions is a promising route to explore some of these exciting phenomena.
